The Pacific oyster, Crassostrea gigas, well known throughout the world because of its ability to adapt to a wide range of environmental conditions, was introduced for cultivation into France on a massive scale in the 1970s. With global warming, the reproductive population, confined at the beginning to the south of the French Atlantic coast, became established at more northern latitudes (above 45° 58′ N), and wild C. gigas began to colonize coastal areas such as our study site, Bourgneuf Bay (1°-2° W, 46°-47° N), an oyster-farming site. An original approach, based on orthophotograph analysis and in situ biomass sampling, revealed that, in the northern part of this bay, more than 70% of the total C. gigas biomass was composed of wild oysters (i.e. C. gigas not bred by oystermen). The analysis of the spatial distribution of wild oysters indicated that 75% of the stock consisted of wild oysters in natural beds (rocky areas) and on low retaining walls of former fisheries. Wild C. gigas also colonized oysterfarming structures with lower biomasses (21% of the stock composed of wild oysters), but locally they could reach densities of up to 55 kg.m− 1 i.e. 2.5 times the mean biomass of cultivated oysters. The economic and ecological consequences of this colonization by C. gigas of an oyster culture site are discussed. Wild oyster seems to be the principal trophic competitor of cultivated oysters in Bourgneuf Bay. This may partly explain the decrease in growth of cultivated oysters observed in this bay during the last decade. Moreover, the trophic and spatial competition exerted by wild oysters may also affect the native biota and, in particular, the honeycomb worm Sabellaria alveolata.
Methods
Bourgneuf Bay, south of the Loire estuary (1°-2° W, 46°-47° N; Figure 1 ), is a site of extensive aquaculture of the oyster Crassostrea gigas (Thunberg), ranking sixth in France with a production of 8,600 metric tons on 1,000 hectares of beds in 2001 (Agreste, 2003) . The 340 km 2 of this bay are delimited in the south-west by the Isle of Noirmoutier, and in the north and south-east by the mainland. Bourgneuf Bay is connected with the ocean in the north-west by an opening of 12 km and in the south by a channel of 800 meters. A rocky line divides the bay and its intertidal area of 100 km 2 into two parts with mud in the north and sandy mud in the south. Our study, carried out in October 2002, concerns only this northern part, which was chosen by the regional council of Pays de la Loire as a test area in order to reorganize oysterfarming structures in the whole bay. The foreshore of the northern part of Bourgneuf Bay can be divided into rocky areas and intertidal mudflats on which oyster-farming beds are located. Among the rocky areas, two types can be distinguished: rocky shores in the concession areas which are accessible only to oyster farmers, and rocky beds outside the concession areas which are accessible to everyone for shellfish gathering. A distinction can also be applied to oyster-farming beds according to their accessibility. Beds high on the foreshore can be reached on foot during low tide whereas beds low on the foreshore are situated on mudflats that are inaccessible on foot and can only be reached by boat.
Typology of the zones colonized by wild oysters
Two types of colonized zones were distinguished: (a) the natural beds ( Fig. 1, 2A ) and (b) the concession areas with the oyster-farming racks (Fig. 2D, E) . The plastic bags containing the farmed oysters are set on these racks (3 m × 1 m), 70 cm from the bottom. Among the oyster-farming racks, three types were distinguished according to their condition: -currently exploited racks; the racks are in good condition and characterized by the possible presence of oysters at their base or on the tray (Fig. 2D ).
-unused racks; these structures are also in good condition but are partially to heavily colonized by wild oysters (Fig. 2E ).
-abandoned racks; the structures are silted up, partially or completely destroyed, and heavily colonized by wild oysters (Fig. 2F) . With regard to the unused and abandoned racks, these strata were not present in the oyster-farming beds low on the foreshore. Four oyster-farming racks were therefore defined:
-exploited racks low on the foreshore (= low exploited racks) -exploited, unused and abandoned racks high on the foreshore (= high exploited racks, high unused racks, and high abandoned racks). In concession areas, two other structures were taken into account:
-old beds in the form of slate catchment basins (Fig. 2B) , -low retaining walls used in former fisheries (Fig. 2C ). These "other structures" were treated in the same way as natural beds, because of their quite similar typology, and in opposition to oyster-farming racks.
Estimation of the wild oyster stock
The sampling strategy was based on the implementation of stratified random sampling (Krebs, 1989) . The first step consisted in determining the strata to be sampled, using the typology proposed above ( § 2.1.). Once these strata were defined, their areas were estimated by using the Geographical Information System (GIS) software MapInfo® to analyze Ortholittorale 2000® [coastal orthophotographs (scale 1:10000) made available free of charge to public institutions by the French Interdepartmental Committee for National and Regional Development (CIADT)]. Natural beds and other structures areas were delimited using polygons (Fig. 1) . The total area of the studied strata was the sum of each polygonal area. Using the same orthophotographs, sets of oyster-farming racks were classified into the types recognized earlier (exploited, unused or abandoned) and delimited using polygons (Fig. 3) . The estimate of the total average biomass of natural beds or other structures was defined by the product of the surface occupied by the strata in m 2 as previously defined and the average oyster biomass per m 2 . Biomass per m 2 was estimated by determining a number of sampling points proportional to the bed area (Fig. 4) . For the slate catchment basins, the sampling effort was increased because of the high heterogeneity of the strata observed during field investigations. The retainment walls strata presented an high homogeneity ; the sampling effort was reduced. For each point, oysters contained in a 0.25 m 2 quadrat were collected (in September 2002) and their total wet weight determined using a mechanical balance. The measured biomass was then brought back to m 2 . The estimate of the total average biomass of concession area (racks) strata was defined by the product of the rack length in the strata in linear meters and the average oyster biomass per linear meter. Therefore, the polygon areas obtained using the MapInfo® GIS software were converted into linear meters of oyster rack. For the two oyster-farming beds (high and low on the foreshore), a random sampling was performed for the three types of rack. For each sampling point (the number of which was proportional to strata area, Fig. 5 ), wild oysters were collected (in September 2002) over the entire width of the rack and for a length of 0.5 m. Analysis of orthophotographs have been supported by one week of ground-truthing. Checks carried out during biomass sampling showed a total adequacy between the state of the racks determined using the orthophotographs and that sampled in situ.
Statistical analysis
Sigmastat 3.1© software was used for all statistical computing. Prior to each analysis, assumptions of normality were tested with KolmogorovSmirnov tests. Mean oyster biomass between strata were compared using one-way analysis of variance (ANOVA), followed by SNK a posteriori tests.
Analysis of seawater temperature in Bougneuf Bay since 1970
Daily seawater temperatures (SWT) in Bourgneuf Bay were calculated between January 1970 and December 2005 using the following regression (Haure and Baud, 1995) : SWT = 0.8703 x Air Temperature + 0.036 x Tidal coefficient -0.0969 Daily air temperatures were obtained from Météo France database (Noirmoutier Station, 2°15'24" W, 47°00'18" N) and tidal coefficients using the Marées dans le monde 2.02© software.
Results
The main types of zone colonized by wild oysters in Bourgneuf Bay appear in the example of analysis by SIG MapInfo® software of the coastal orthophotograph (Fig.  3 ). This area is characterized by the heterogeneity of substrates colonized by wild oysters. In addition to the three types of oyster rack and to the rocks, old slate catchment basins and low retaining walls of former fisheries are also present (Fig. 2) .
Natural beds
For natural beds on rocks and other structures, biomasses of wild oysters were significantly different between the strata ( Fig. 4 ; ANOVA, P < 0.05) and the highest ones were measured on former fisheries walls (43.1 kg.m -2 ). Although the total wall area involved was considerably less than that of the accessible rocks (4.2 ha vs. 73.2 ha), the total biomass for this stratum represented 1,811 tons i.e. nearly half of the total biomass of wild oysters on rocks (4,560 tons; Table 1 ). It is also noteworthy that the distribution of the mean oyster biomass was variable among these strata: from homogeneous on former fisheries walls ( Fig. 2C ) with a standard deviation of 2.4 kg.m -2 (n = 4) to heterogeneous in old slate catchment basins ( Fig. 2B ) with a standard deviation of 12.4 kg.m -2 (n = 21). Moreover, there was a wide variability in the average oyster biomasses between rocky areas. The value obtained for inaccessible rocks (22.2 kg.m -2 ; Fig. 4 ) was almost five times greater than that for accessible rocks (4.8 kg.m -2 ).
Concessions areas
In concession areas, mean biomass of wild oysters was significantly different between the strata (ANOVA, P < 0.05) and the highest values measured on racks were for low exploited racks (10.5 kg per linear meter of rack; Fig. 5 ) and high unused racks (17.1 kg.m -1 ). It is also noteworthy that the distribution of the average oyster biomasses was very heterogeneous on the oyster racks (standard deviation ≥ mean). Stratified random sampling provided an estimation of total biomass in concessions areas of 1,796 tons (Table 1) .
Discussion

Description of the wild oyster colonization
The wild stock of C. gigas in the northern part of Bourgneuf Bay is estimated at 8,419 tons. These bivalves have colonized all the strata from oyster racks to slate catchment basins. Eighty-six percent of this stock consists of wild oysters in natural beds and on other structures. Among these structures, former fisheries walls, which represent only 4 % of the total area but account for nearly 30 % of the total biomass (Table I) , would appear to be a priority target for restructuring operations (e.g. cleaning of retainment walls, destruction of abandoned racks). It is also noteworthy that mean biomasses on inaccessible rocks were almost five times greater than those on accessible rocks (Fig. 4) . This difference is probably the consequence of "human predation", by fishing on foot, of the wild oyster stocks on the accessible rocks. In the same way, the differences observed between the mean biomasses of low and high exploited racks may be explained by farming practices (Fig. 5) . Indeed, farmed oyster beds low on the foreshore are accessible less often (low tides are shorter) than the others. Consequently, oyster farmers can spend less time on the upkeep of their racks, removing the wild oyster spat. The highest biomasses measured on high unused racks (Fig. 4) may result from the absence of oyster bags on these racks. This absence increases the space available on racks to the catchment of wild oyster spat. On the other hand, high abandoned racks are often heavily silted offering a reduced support to wild oyster spat, which may explain their low and heterogeneous biomasses of wild oysters. Finally, field observations revealed that the oyster farmers' upkeep activities are probably responsible for the variability of the average oyster biomasses on the unused and low and high exploited racks. Oyster racks that have just been cleaned no longer present wild oysters whereas those not cleaned are partially to heavily colonized. Moreover, the 8,419 tons of wild oysters represents a tonnage 2.4 times greater than that of their conspecifics farmed in the northern part of Bourgneuf Bay (Table 1) . These stocks can also be compared with the 180 tons of cultivated mussels (there are no natural mussel beds in this area) and the 1000 tons of slipper limpets (Crepidula fornicata) of the intertidal zone in this area . Thus it is clear that the wild oyster stock represents the greatest biomass of trophic competitors for the farmed oyster stock in this part of Bourgneuf Bay.
The estimated biomasses of wild oysters in concession areas represent only 1,796 tons, but the mean biomas of wild oysters at the base of racks can reach up to 55 kg.m -1 relative to mean farmed oyster biomasses of 20 kg.m -1 . Thus, locally trophic competition by wild oysters could be accentuated. Moreover, it is now well established that C. gigas presents a high phenotypic flexibility in response to changes in the environment (Barillé et al., 2000; Honkoop et al., 2003) . Consequently, wild oysters that have developed in situ are probably better adapted to the environmental conditions than farmed oysters that have been transplanted from spat production sites and that certainly undergo a stress related to culture setting. Indeed, at least once a month, oyster bags are turned over and beaten with a stick to eliminate the epibionts (macroalgae, barnacles). Moreover, once a year these oyster bags are plunged into boiling water to destroy the oyster spat. The differences in feeding physiology induced by the phenotypic flexibility or the stress of farming would accentuate the trophic competition exerted by wild oysters over their conspecifics and should be measured in further studies. It is obvious that the wild oyster stock should be taken into account to find a better adequacy between the levels of cupped oyster biomass and the trophic capacity of the ecosystem in which they are cultivated.
Bourgneuf Bay warming
An ecological and economic scheme of wild oyster colonization in relation to global warming in Bourgneuf Bay is proposed (Fig. 6) . Energy contained in food is used by cultivated oysters both in growth to produce soma and in reproduction to produce gonads (Barillé et al., 1997) . Oyster farmers look for this somatic production (= fattening) for their sales. At this level, a temperature threshold intervenes. In fact, spawning of mature C. gigas requires a seawater temperature above 18 °C (Mann, 1979) . If this threshold is not reached, gonad can be transformed into reserve tissues (Méléder et al., 2001 ). This phenomenon, increasing the fattening, has a positive impact for oyster farmers whereas spawning when the temperature is above 18 °C, represents a loss in production. When the seawater temperature allows C. gigas to spawn, larval survival requires sustained temperatures of 22 °C for at least 2 weeks, before the pelagic larvae complete metamorphosis into spat [i.e. sessile animals] (Seno et al., 1926; Arakawa, 1990; Shatkin et al., 1997; Hofmann et al., 2004) . This water temperature requirement may be the reason that no successful C. gigas larval recruitment was reported in Bourgneuf Bay during the twenty years following its introduction in the 1970's. However, the number of days with a seawater temperature above the 22 °C threshold has increased during the last decade in Bourgneuf Bay (Fig. 7) . Between 1995 and 2005, five years presented sustained temperature of 22 °C during at least 2 weeks, whereas these temperature conditions were encountered only two years between 1970 and 1994. Moreover, with a residence time of water masses in Bourgneuf Bay superior to 2 months (Lazure, 1992) , C. gigas larvae may be retained until their spatfall. Field observations reinforce this hypothesis of warming effect: since 1995 a massive and regular spatfall of C. gigas has been observed in Bourgneuf Bay (Haure, unpubl. data) , allowing the settlement of a wild stock of this species.
The resulting trophic competition between wild C. gigas and their cultivated conspecifics may contribute to explain the decrease in growth performance of cultivated oysters observed since 1994 (REMORA, 2006) . Indeed, changes in other parameters which may explain this decline such as salinity, water quality or prevalence of parasites were not observed (REPHY, 2006) . The loss in production represents a loss of earnings for oyster farmers but autochthonous recruitment also implies an increase in the upkeep costs of concession areas. Indeed, oyster farmers spend a lot of time cleaning oyster-farming racks and trays colonized by the spat. Moreover, tray treatment by scalding (warming) often leads to farmed oyster mortality. The problem of the oyster industry in Bourgneuf Bay is a good illustration that the chance of a successful invasion (i.e. the establishment of a reproducing and persisting population) of a temperate coastal ecosystem by a less northern species, with its share of economic and ecological consequences, is increased by global warming.
Impact on native biota
The size of the wild oyster stock in the northern part of Bourgneuf Bay raises another question: might these invaders affect the native biota? Negative impacts of the introduced C. gigas on native biota are quite well documented. In Australia, the ubiquitous C. gigas began to dominate some major seed catching areas of the native Sydney rock oyster Saccostrea commercialis only 3 decades after its introduction (Chew, 1990) . The threat was such that, to protect this commercialized species, the eradication of the Pacific oyster was undertaken. In New-Zealand, the native Rock oyster S. glomerata was outcompeted by the introduced C. gigas within a decade of its arrival (Dinamani, 1991) . In Willapa Bay (Washington State, USA), C. gigas is probably responsible for the limitation of the native oyster Ostrea conchaphila population, through modifications of its habitat (Ruesink et al., 2005) . In Argentina and in the Wadden sea, C. gigas recruits on beds of native mussels that may be overgrown (Reise, 1998; Orensanz et al., 2002) . C. gigas may also outcompete for spatial niche the native barnacles inhabiting these mussel beds (Reise, 1998 ). In the Oosterschelde estuary (Netherlands) C. gigas was observed to replace former soft bottom communities by a hard substrate community (Troost et al., 2003) . Development of C. gigas reefs may also affect higher trophic levels, enhancing food availability for bivalve predators or increasing shelter availability for epifaunal species (Richardson et al., 1993; Yamada et al., 1993; Escapa et al., 2004; Grabowski and Powers, 2004) . Until recent years, the sessile fauna of rocky shores in the northern part of Bourgneuf Bay was dominated by different species of barnacles while the mussel Mytilus edulis (Gruet, 1971) and C. gigas had seldom been observed. Recent observations have shown that C. gigas has become dominant in some of these rocky areas (Gruet et al., 2001) where mussels and barnacles have gradually disappeared. Moreover, during our sampling, wild oysters were observed in rocky areas usually colonized by the honeycomb worm Sabellaria alveolata (Gruet, 1971 (Gruet, , 1972 (Gruet, , 1982 . This polychaete constructs reefs protected by the European Community Habitats Directive (Council Directive 92/43/EEC on the Conservation of Natural Habitats and of Wild Fauna and Flora, 1992) . Wild C. gigas is therefore a potential competitor of this suspension-feeding species not only at the trophic level but also for the space available on rocky shores (Fig. 6) . Consequently, the role of the Pacific oyster wild stock in the biota of Bourgneuf Bay is not negligible and should be taken into account in conservation management in this marine environment. This preliminary study concerned only the northern part of Bourgneuf Bay and should be extended to the whole bay. However, for the future of this bay, it already seems essential from both an economic (oyster farming) and an ecological standpoint (native biota) to take decisions in order to limit the trophic and spatial competition exerted by wild C. gigas. With regard to the results obtained in this study, oyster farmers and regional authorities have taken measures to reorganize oyster-farming structures and to destroy wild oyster stocks in concession areas. Mass harvesting of the substrate attached oysters was not considered. However, in rocky areas (at least in accessible ones) wild C. gigas populations could be limited by increasing shellfish gathering quotas. In conclusion, although the introductions of bivalve mollusks have proved to be beneficial, augmenting a depressed or dying fishery industry, these introductions generate side effects that have an impact not only on the native biota of ecosystems but also on the aquaculture industry itself. 
